Geochemists disagree whether or not prebiotic chemistry has existed already during the Hadean Eon and whether the then terrestrial atmosphere has been strongly or weakly reduced. Here I argue that cellular life has existed already just after the end of the Hadean Eon and that terrestrial life has survived a number of cataclysms during the Earth's history. I argue that although organic molecules have been detected in meteorites that most organic molecules required for the formation of macromolecules must have been formed on Earth. Finally, I argue that the primitive terrestrial atmosphere during the Hadean Eon has been weakly reduced, so that amino acids and small nucleic acids could have been formed. I suggest that the first self-replicable macromolecules have been similar to viroids.
Geological History of the Earth
According to a prominent scenario two protoplanets, called Gaia and Theia, collided 4.6 billion years ago and formed Earth and Moon [1] . Both planets, Earth and Moon, cooled and formed solid crusts. The oldest dated terrestrial rock is 4.03 billion years old and provides evidence of the then existence of continental crust [2] .
Detrital zircons found in Jack Hills [3] and the Murchison District [4] , both in Western Australia, and dated to be 4.4 billion years old provide evidence that the Earth had already then both a continental crust and a hydrosphere, i.e. oceans. Further examinations [5, 6] of theses zircons showed that the continental crust of the Hadean Eon (the time between 4.6 and 3.9 billion years ago) must have been recycled into the Earth's mantle.
The cataclysmic destruction of the terrestrial continental crust occurred 3.9 billion years ago during a period which became known as the Late Heavy Bombardment. It caused also a spike in the cratering rate on the Moon. According to a prominent scenario [7] the Late Heavy Bombardment resulted from the interactions of the planets Jupiter and Saturn with a disk of planetesimals. The resistance of the planetesimals resulted in a loss of orbital energy of Jupiter and Saturn, so that their orbital radii and orbital periods decreased. That of the innermost planet, Jupiter, decreased more rapidly than that of Saturn. As a consequence, the ratio of their orbital periods decreased. When the two planets crossed their mutual 1:2 mean motion resonance (the orbital period of Saturn became twice as large as that of Jupiter), their orbits became eccentric. This led to several close encounters among Saturn, Uranus, and Neptune. Moreover Jupiter strongly perturbed the asteroid belt. The result was a bombardment of both Earth and Moon with asteroids, which produced most of the craters and basins on the present surface of the Moon and the destruction of the terrestrial continental crust of the Hadean Eon.
Terrestrial life survived a number of cataclysms. Glacial deposits in Namibia provide evidence of two ice ages during the late Proterozoic era, where the glaciation was global (so-called snowball Earth), except from open water in the equatorial belt. The first phase from 760 to 700 million years ago is termed the Sturtian ice age, while the second phase from 620 to 580 million years ago is termed the Varanger or Marinoan ice age. At least the second phase ended abruptly by strong volcanic eruptions and outgassing of large amounts of carbon dioxide [15, 16] . The break-up of the continent Rodinia is assumed to have caused these ice ages [17] .
Rapid cooling and glaciation occurred in the late Ordovician period 440 million years ago and was the probable cause of a mass extinction. It has been speculated that this rapid cooling was caused by a gamma-ray burst whose radiation depleted the terrestrial ozone layer [18] .
The most dramatic extinction event occurred in the late Permian about 260 million years ago. It was caused either by an asteroid impact [19] or by strong volcanism [20] .
Iridium concentrations detected within deep-sea limestones of the Cretaceous-Tertiary boundary 65 million years ago gave rise to the speculation that the extinction of the dinosaurs was caused by the impact of an asteroid with a diameter of ten kilometers [21] . This speculation was confirmed by the discovery of the Chicxulub crater on the Yucatan peninsula, Mexico [22] . Its size of 180 kilometers diameter was revealed by magnetic and gravity-field anomalies [22] and a cenote ring [23] . Its age was determined by argon analyses of melt rocks to be 65.2 million years [24] .
On 30 June 1908 an object exploded at an altitude of about ten kilometers over Tunguska, Central Sibiria. Some authors speculated that this object was either a piece of anti-matter [25] or a black hole [26] . Comets and carbonaceous asteroids of the estimated energy of 10 to 20 megatons disrupt at too high altitudes, whereas iron objects reach and crater the terrestrial surface. The most plausible explanation is a stony asteroid of some 30 meters in radius [27] which disrupted into fragments which are no larger than ten centimeters [28] .
According to geochemical evidence terrestrial life performed photosynthesis at least 3.8 billion years ago. Since then terrestrial life has survived several cataclysms including the Proterozoic glaciation (snowball Earth), the Ordovician glaciation, the Permian extinction event, and the impact of an asteroid at the Cretaceous-Tertiary boundary. In the following we will examine whether terrestrial life existed already during the Hadean Eon or whether it is of extraterrestrial origin (so-called panspermia hypothesis).
Organic Molecules in Meteorites
The present terrestrial atmosphere consists mainly of nitrogen and oxygen. The primitive atmosphere during the Hadean Eon is assumed to have been strongly reduced and to have consisted of methane, ammonia, water, and hydrogen. In order to simulate lightning in this primitive Earth atmosphere, Stanley Miller circulated a hot mixture of methane, ammonia, water, and hydrogen in a flask and passed an electric discharge through the gas. He detected that the amino acids alanine and glycine had been generated [29] .
Hydrogen as the lightest gas escapes from the upper atmosphere. So the atmosphere became weakly reduced. It is assumed that the atmosphere content of methane, ammonia, and hydrogen decreased, whereas the content of hydrogen cyanide and formaldehyde increased. The purine adenine [30, 31] , amino acids [32] , and peptides [33] were synthesized from concentrated hydrogen cyanide and water at moderate temperatures. As high concentrations of hydrogen cyanide are hardly imaginable in oceans and lakes (hydrogen cyanide is more volatile than water), it was suggested that the biochemical compounds were formed on comets and transported to the Earth [34] . This hypothesis was confirmed when amino acids were detected in the Murchison meteorite [35] . Also the purines adenine and guanine [36] , xanthine, guanine, and hypoxanthine [37] were detected in the Murchison meteorite. Finally, the pyrimidine uracil was found in the Murchison, Murray, and Orgueil carbonaceous chondrites [38] . Polyols such as sugars and sugar alcohols were detected in the Murchison and Murray meteorites [39] . No ribose, no nucleotides, no peptides, and no proteins have been detected in meteorites.
By performing an electron probe microanalysis cellular structures, termed organized elements, of size between ten and thirty micrometers similar to unicellular organisms were detected in the Orgueil meteorite [40, 41] . However, later it was shown that the organized elements were ragweed pollen (Ambrosia elatior) which were distorted by the applied Gridley method [42] .
Within the martian meteorite ALH84001 which had been collected in the Allan Hills, Victoria Land, Antarctica there were detected structures which appeared to be unicellular organisms, except from the fact that the structures had a much smaller size, typically of the order of one hundred nanometers [43] . Later it was noticed that these structures were not martian nanofossils, but non-biological lamellar growth steps on pyroxene and carbonate crystals [44] . Nearly all amino acids of the meteorite are terrestrial in origin, although a low concentration of endogenous D-alanine cannot be excluded [45] . This negative result provides evidence against the hypothesis of panspermia [46] which states that a major fraction of the interstellar grains and comets consists of unicellular organisms.
As no ribose, nucleotides, peptides, proteins, RNA or unicellular organisms have been detected in meteorites, it is reasonable to investigate whether organic compounds can be synthesized under conditions of the primitive Earth.
Prebiotic Chemistry Experiments
The Stanley Miller experiment gained reputation when a number of amino acids were produced by later experiments which passed either electric discharges or ultraviolet light through mixtures of methane, ammonia, water, and hydrogen [47] .
For example, methane was passed through an aqueous ammoniacal solution and the gas was heated during a subsequent passage through several solids such as silica gel, quartz sand and volcanic sand which are common in the crust of the Earth. By doing this the amino acids aspartic acid, threonine, serine, glutamic acid, proline, glycine, alanine, valine, alloisoleucine, isoleucine, leucine, tyrosine, and phenylalanine were produced [48] .
A mixture of amino acids was placed in a depression of a heated piece of lava, where microparticles, which were later termed microspheres, with a typical size of one micrometer, were generated [49] .
In experiments modeling volcanic or hydrothermal settings the amino acids phenylalanine, tyrosine, and glycine were converted into dipeptides and tripeptides by use of carbon monoxide, nickel sulphide, iron sulfide, and hydrogen sulphide as catalysts under aqueous conditions [50] .
By contrast, present evidence does not support the synthesis of ribose under the conditions of the primitive Earth [51] .
Experiments that simulate magmatic conditions and analysis of volatile condensates in volcanic gas show that volcanic activity can produce water-soluble polyphosphates [52] .
Pyrimidine ribonucleotides were synthesized by using cyanamide, cyanoacetylene, glycolaldehyde, glyceraldehyde, and phosphate as starting materials. The formation of ribose and the nucleobase cytosine were bypassed. The four subsequent chemical reactions were:
(i) cyanamide + glycolaldehyde --> 2-amino-oxazole (ii) 2-amino-oxazole + glyceraldehyde --> arabinose-amino-oxazoline (iii) arabinose-amino-oxazoline + cyanoacetylene --> anhydroarabinonucleoside (iv) anhydroarabinonucleoside + phosphate --> beta-ribocytidine-2',3'-cyclic phosphate The last product is the cytidine nucleotide. The first three reactions were performed by using a phosphate buffer in a pH neutral solution [53] .
The clay mineral montmorillonite is formed by aqueous weathering of volcanic ash. It was shown that this mineral catalyses the formation of oligomers of RNA that contain monomer units (nucleotides) of up to fifty [54] .
These oligomers of RNA somewhat resemble the viroids. These are infectious pieces of free RNA which are not coated by proteins [55] . Later, viroids were shown to be singlestranded closed circular RNA molecules with a typical molecular weight of only 100,000 [56] .
The failure to synthesize proteins and DNA under primitive terrestrial atmosphere conditions and the successful synthesis of amino acids, small peptides, purines, and pyrimidine ribonucleotides suggests the possibility of an RNA world [57, 58] , i.e. a period during the Hadean Eon during which only RNA but no proteins and no DNA were synthesized [59] .
Conclusion
Earth and Moon were formed 4.6 billion years ago by the collision of the two protoplanets Gaia and Theia. Afterwards the Earth formed a crust where colliding comets provided the water of the oceans. This Hadean Eon was terminated 3.9 billion years ago during the Late Heavy Bombardment when an eccentric orbit of Jupiter caused a bombardment of the Earth by asteroids. Soon thereafter, 3.8 billion years ago, there is geochemical evidence of terrestrial life which performed photosynthesis. The terrestrial life witnessed and survived several cataclysms including the snowball Earth 760 to 580 million years ago, an ice age 440 million years ago which was possibly caused by a gamma-ray burst, and an asteroid impact 65 million years ago which generated the Chicxulub crater and contributed to the extinction of the dinosaurs. The 1908 Tunguska explosion was caused by a small stony asteroid. Amino acids, purines, pyrimidines and sugars, but no proteins, nucleotides or extraterrestrial unicellular organisms were detected in meteorites. This argues against the hypothesis of panspermia. The synthesis of amino acids, small peptides, purines and pyrimidine ribonucleotides under conditions of the primitive Earth (Stanley Miller experiments) and the polymerization of RNA nucleotides on clay minerals suggests that viroids and an RNA world could have existed during the Hadean Eon.
